Over the past 15 years, our understanding of the breaking and dissipation of ocean waves has undergone a dramatic leap forward. From a phenomenon which was very poorly understood, it has emerged as a process whose physics is clarified and quantified. This book presents the state of the art of our current understanding of the breaking and dissipation of ocean waves.
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Preface
Wave breaking is a fascinating object to watch and to research. Wind-generated waves are the most prominent feature of the ocean surface, and so are breaking waves manifested by sporadic whitecaps on the wavy surfaces of oceans and lakes. The breaking is so apparent that one does not need to be an oceanographer to have an opinion on what it is and how it works. Such breaking, however, represents one of the most interesting and most challenging problems for both fluid mechanics and physical oceanography. It is an intermittent random process, very fast by comparison with other processes in the wave system. The distribution of wave breaking on the water surface is not continuous, but its role in maintaining the energy balance within the continuous wind-wave field is critical. Ocean wave breaking also plays the primary role in the air-sea exchange of momentum, mass and heat, and it is of significant importance for practical applications such as ocean remote sensing, coastal and ocean engineering, and navigation among others.
Understanding such wave breaking, predicting its behaviour, the breaking rates and breaking strength, and even an ability to describe its onset have been hindered for decades by the strong nonlinearity of the process, together with its irregular and ferocious nature. Lately, knowledge of the breaking process has significantly advanced, and this book is an attempt to summarise the facts into a consistent, albeit still incomplete, picture of the phenomenon.
In the book, a variety of definitions relating to wave breaking are discussed and formulated, and methods for breaking detection and measurement are examined. Experimental, observational, numerical, analytical and statistical approaches and their outcomes are reviewed. The present state of wave-breaking research and knowledge is analysed and the main outstanding problems are outlined.
Most attention is dedicated to the research of wave-breaking probability and severity, which lead to the second most important topic of the book -wave energy dissipation. Existing theories, measurements and applications of spectral dissipation due to wave breaking are reviewed. Non-breaking dissipation and non-dissipative effects of breaking are also discussed. Finally, roles of breaking in the atmospheric boundary layer, in airsea interactions and in upper-ocean mixing, including extreme weather conditions, are analysed.
xi xii

Preface
At the end of the book, many questions that are still unanswered are listed. To find the missing answers, the means are available, and in a way this is a matter for concentrated effort. Except, perhaps, for extreme weather conditions. We know that it is not only the waves and wave breaking, but also other processes in the atmosphere and upper ocean that experience changes in dynamic regime under hurricane-like wind force conditions, but robust instrumentation, observational techniques, physical concepts and analytical theories able to be applied to this are still under development.
The book is based on the review of a substantial amount of literature on wave-breakingrelated topics which has accumulated over the years, as well as on my own contributions. It has been both interesting and instructive to see how the outcomes of studies conducted in the 1960s and even earlier are still relevant today, or are sometimes rediscovered.
I am most grateful to all of my colleagues over many years of collaborative wavebreaking research; material from our joint papers forms a significant part of this book. Among them, Yuri Soloviev, Ian Young, Mark Donelan and Dmitry Chalikov must receive a special mention. Their influence and contribution to my research and understanding of the phenomenon are hard to overestimate.
I am also thankful to partners from the wave-research community, particularly from The WISE Group, endless discussions with whom helped me to shape my current views on wave breaking and associated phenomena. It is hard, if not impossible to mention all the names over all those years, and here I will only acknowledge colleagues who directly assisted through discussions, advice, by providing their yet unpublished results, or in some other way in the course of preparation of this book: Fabrice Ardhuin, Sergei Badulin,1 Introduction Wind-generated waves are the most prominent feature of the ocean surface. As much as the oceans cover a major part of our planet, the waves cover all of the oceans. If there is any object in oceanography that does not need too much of a general introduction, it is the surface waves generated by the wind.
Being such a conspicuous entity, these waves, however, represent one of the most complex physical phenomena of nature. Three major processes are responsible for wave evolution in general, with many more whose significance varies depending on conditions (such as wave-bottom interaction which is only noticeable in shallow areas). The first process is energy and momentum input from the wind. The waves are generated by turbulent wind, and the turbulence is most important both for their initial creation and for subsequent growth (e.g. Miles', 1957; Miles, 1959 Miles, , 1960 Phillips', 1957; Janssen, 1994 Janssen, , 2004 Belcher & Hunt, 1993; Belcher & Hunt, 1998; Kudryavtsev et al., 2001 , among many others). There is, however, no fixed theory of turbulence to begin with. Experimentalists have to deal with tiny turbulent fluctuations of air which are of the order of 10 −5 -10 −6 of the mean atmospheric pressure and which must be measured very close to the water surface, typically below the wave crests (e.g. Donelan et al., 2005) . The wind input process is quite slow and it takes hours of wind forcing (thousands of wave periods) and tens and hundreds of kilometres of fetch for waves to grow to a considerable height.
The second process is weak, resonant, nonlinear interactions within the wave system which can only be neglected for infinitesimal waves. For most of its existence, the windwave can be regarded as almost sinusoidal (i.e. linear), but its very weak mean nonlinearity (i.e. deviation of its shape from the sinusoid) is generally believed to define the wave's evolution. This is due to such waves, unlike linear sinusoids, exchanging energy when they cross-path. They cross-path because waves of different scales (i.e. different frequencies and wavelengths) propagate with different velocities, and also because waves tend to propagate at a range of angles with respect to the mean wind direction. Such weak interactions appear to be of principal importance. The longer (and higher) the waves are, the faster they move, and therefore the visibly dominant waves move with speeds close to the wind speed. This means that they virtually move in the still air, there is almost no wind for them. If they are still obviously wind generated, how does the wind produce such waves? The answer that is most commonly accepted now, is that the wind pumps energy mostly into shorter (high-frequency) and slowly moving waves which then transfer this energy across the continuous spectrum of waves of all scales towards longer (lower-frequency) components thus allowing those to grow -by means of nonlinear interactions. So, this small nonlinearity plays a large role in developing wind-waves as we know them. Analytically, to account for this sort of interaction the theoreticians have to solve relevant equations of hydrodynamics with accuracy down to expansion terms of the third order (e.g. Hasselmann, 1962; Zakharov, 1968; Hasselmann et al., 1994; Badulin et al., 2005) . Experimentally, such interactions could not have been studied directly because of a great number of technical difficulties, one of which is the slowness of the process, thousands of wave periods being its time scale. Here, we would also like to mention that there are alternative approaches to explaining the evolution of long wind-generated waves.
The third most important process that drives wave evolution is the wave energy dissipation. Common experience tells us that wind-generated waves, no matter how strong the wind and how long its duration and wave fetch, do not grow beyond a certain limit. In the absence of mainland in the Southern Ocean, high continuous westerly winds are free to run the waves around the globe and thus provide conditions of unlimited wind-wave forcing and growth. Yet, the significant wave height (height of one third of the highest waves) rarely goes beyond 10 m. Individual waves of some 30 m are occasionally reported (e.g. Liu et al., 2007) , but these are very seldom and would certainly be the ultimate limit for wind-generated waves on the planet. Therefore, there is a process that controls the wave growth from above, and that is wave dissipation.
Wave breaking: the process that controls wave energy dissipation
There are a number of physical mechanisms in the oceanic and atmospheric boundary layers, other than breaking, that contribute to wave energy dissipation (e.g. Babanin, 2006; Ardhuin et al., 2009a) , but once wave breaking occurs it is the most significant sink for energy. In well-developed deep-water wind-forced waves, it is believed that breaking accounts for more than 80% of dissipation. Wave energy is proportional to the wave height squared, and therefore a sudden reduction of wave height during breaking by, for example, two times, signifies a four-times' reduction in energy. Obviously, provided there is a sufficient number of waves breaking, such a dissipation mechanism is much more efficient compared to viscosity, to the interaction of waves with winds, currents, background turbulence and to other ways of gradual decline. The energy lost to breaking is spent on injecting turbulence and bubbles under the ocean interface, emitting spray into the air, and thus wave breaking, and wind-generated waves in general, play a very significant role in negotiating the exchange of momentum, heat and gases between the atmosphere and the ocean.
Breaking happens very rapidly, it only lasts a fraction of the wave period (Bonmarin, 1989; Rapp & Melville, 1990; Babanin et al., 2010a) , but the wave may indeed lose more than half of its height (Liu & Babanin, 2004) . Thus, the wave energy slowly accumulated under wind action and through nonlinear transfer over thousands of wave periods is suddenly released in the space of less than one period. Obviously, this process, the breaking-in-progress process of wave collapse, is a highly nonlinear mechanism of very rapid transfer of wave energy and momentum to other motions. So far, there are no adequate mathematical and physical descriptions of such a process.
Conceptually, however, the physics of wave collapse is completely different from the physics leading to breaking onset. While collapse is driven, to a greater extent, by gravity and inertia of the moving water mass and, to a lesser extent, by hydrodynamic forces, breaking onset occurs mostly due to the dynamics of wave motion in the water. Approaching breaking onset by a background wave is also very rapid, and also happens in the space of one wave period (e.g. Bonmarin, 1989; Babanin et al., 2007a Babanin et al., , 2009a Babanin et al., , 2010a , but it should be considered separately from the following wave collapse. Essentially, the breaking process consists of two different sets of physics -one leading to breaking and another driving the wave breaking once it has started. These are not entirely disconnected, however, and the outcome of breaking collapse appears to 'remember' the 'input' that made a wave break. This will be discussed in more detail in Section 7.3.2.
The distinct difference between whitecapping dissipation and other processes involved in wave evolution is also determined by the fact that not every wave breaks whereas every wave experiences continuous energy input from the wind and continuous nonlinear energy exchange with other components of a continuous wave spectrum. A typical picture of a wavy surface under moderately strong wind conditions is shown in Figure 1 .1. Waves of all scales, forming a continuous spectrum in terms of wave periods and lengths, exist simultaneously and run concurrently with different phase speeds, riding on top of each other or intercepting momentarily in different directions. All of these waves are subject to wind input and nonlinear exchange, but as is seen in Figure 1 .1 just a small fraction of them break. Only under very strong winds does the rate of breaking crests reach 50% or more, but normally it is well below 10% (Babanin et al., 2001) . This means that, on average, it is every 20th or even every 50th wave that breaks, and this is sufficient to hold the energy balance in the wave system where every single wave gains energy one way or another. In the continuous time-space environment of a continuous wave spectrum and continuous physical processes, random breaking, which is intermittent in time and does not cover the surface uniformly, appears to control the equilibrium and ultimately wave growth. There is evidence that coverage of the ocean surface with breaking has a fractal dimension rather than being a two-dimensional surface (Zaslavskii & Sharkov, 1987) , and this fact provides further mathematical complications if a description of this phenomenon is attempted by means of hydrodynamics or statistics.
It is important to mention at this stage that the three major processes, wind energy input, energy redistribution due to nonlinear interactions and energy dissipation, are closely coupled, affect each other and are equally important in wave evolution. Obviously, there would be no waves if they were not generated by the wind, but the wind input mechanism alone cannot explain evolution to any extent. As soon as the waves grow beyond the infinitesimal stage, nonlinear interactions begin to play an important role, and soon after, once individual steeper waves start to break, whitecapping dissipation assumes its responsibility as the balance holder. So-called whitecapping dissipation is the dissipation due to wave breaking, but it is not always that waves form whitecaps when they break (i.e. so-called micro-breaking discussed in Section 2.8 below). Since such a notion contradicts the general intuitive perception of wave breaking, we first have to answer a question: what do we call wave breaking?
Concept of wave breaking
Definitions pertaining to different physical and mathematical aspects of the wave breaking process will be formulated in Chapter 2. Here, we would like to discuss a common concept of breaking -that is what is a wave-breaking event and how is it generally perceived?
In Figure 1 .2, a linear harmonic sinusoidal wave (sometimes called Airy wave), a Stokes wave, and an incipient breaker of the same height and length, i.e. all waves of the same average steepness, are compared graphically. This figure tests our ability to describe nonlinear behaviour of waves theoretically. The Stokes wave is a perturbation solution of hydrodynamic equations, assuming that the steepness of the waves is small. Obviously, although this traditional approach does produce a nonlinear wave shape, it does not look like anything close to a breaking wave as we perceive it (dash-dotted line). Needless to say the steepness of a breaking wave can hardly be expected to be small. (Chalikov & Sheinin, 1998; Chalikov & Sheinin, 2005) ) which can simulate propagation of two-dimensional waves by means of solving nonlinear equations of hydrodynamics explicitly. The shape of such a wave is very asymmetric, with respect to both vertical and horizontal axes, and even visually the wave looks unstable.
Instability is a key word in the breaking process. The wave that we interpret as the incipient breaker in Figure 1 .2 cannot keep propagating as it is: it will either relax back to a less steep, skewed and asymmetric shape, or collapse. We will define the steepness, skewness and asymmetry (with respect to the vertical axis) as
respectively (see Figure 1 .2 and its caption). Here, a is wave amplitude, H is wave height (a = H/2 in the linear case), k = 2π/λ is wavenumber and λ is wavelength, a 1 and a 2 are the wave crest height and trough depth, and b 1 and b 2 are horizontal distances from the breaker crests to the zero-upcrossing and -downcrossing, respectively. Thus, the steepness is an average steepness over the wave length, and obviously, local steepness is much higher near the crest and is less than average at the trough. Positive skewness S k > 0 represents a wave with a crest height greater than the trough depth (a typical surface wave outside the capillary range), and negative asymmetry A s < 0 corresponds to a wave tilted forward in the direction of propagation. Importantly here, experimentally observed negative asymmetry A s has been broadly associated with wave breaking (e.g. Caulliez, 2002; Young & Babanin, 2006a) . Intrinsically, both the asymmetry and the skewness are natural features of steep deepwater waves regardless of their size, crest length, forcing or generation source (see e.g. Soares et al., 2004) . In Figure 1 .3, examples of real waves are demonstrated which exhibit both these properties. The left panel shows a wind-generated and wind-forced wave of Once the skewness is non-zero and the amplitude a is not clearly determined, a definition of the wave steepness in terms of ak becomes ambiguous. Therefore, unless otherwise specified, the steepness will be expressed in terms of wave height H = a 1 + a 2 rather than wave amplitude a, as = Hk/2. In these terms, steepness = 0.335 of the wave shown in the figure far exceeds the limits of a perturbation analysis.
The dashed line in Figure Figure 1 .4 are former wind-waves which have left the storm region where they were generated. They most closely conform to our intuitive concept of what the ideal wave should look like: uniform and long-crested, with crests marching parallel to each other. Their steepness is low and they do not break until they reach a shore.
Wind-forced waves hardly resemble this ideal picture. They look random and chaotic, they are multi-scale and directional, and they break. In Figure 1 .5 a deep-water breaker is shown whose height is in excess of 20 m.
In Figure 1 .6 (see also the cover image), waves approaching finite depths and, ultimately, the surf zone are pictured. In finite depths, waves break more frequently. Possible reasons are two-fold. Mainly, the waves break for the same inherent reason as in deep water, but they do it more often because the bottom-limited waves are steeper on average. Another fraction of waves break due to direct interaction with the bottom; this fraction grows as the waters become shallower (see Babanin et al., 2001 , for more details).
If deep-water waves enter very shallow environments, as shown in Figure 1 .7, all of them will break and ultimately lose their entire energy to interaction with the bottom, to sediment transport, to production of turbulence, bubbles and droplets, to mean currents and to generation of a small amount of waves reflected back into the ocean.
In the close-up picture in Figure 1 .8, the waves can still be breaking even though it is now not possible to spot them visually. Short (in terms of wavelength) and small (in terms of wave height) ripples can nevertheless be quite steep. Such micro-breakers do not generate whitecapping, but demonstrate all the other singular surface features and irreversibly lose a significant part of their height and dissipate their energy (see e.g. Jessup et al., 1997a) .
At very strong wind-forcing conditions, wave-breaking behaviour is different yet again, and even the definition of breaking needs to be adjusted. As seen in Figure 1 .9, taken from an aeroplane in Hurricane Isabel, the air-water interface is now smeared, the atmospheric boundary layer being full of droplets (spray) and the water-side boundary layer is filled with bubbles. The distinct interface is effectively replaced by a two-phase medium and the notion of wave shape and its singularity become vague.
While breaking due to inherent hydrodynamic reasons still takes place, the wind is now capable of instigating the process. Additionally, the wind blows away the steep wave crests. This latter event breaks the surface, creates surface singularities and reduces the wave energy, but cannot be treated as conventional breaking. Wave breaking and wave energy dissipation in such extreme conditions are poorly understood even in a phenomenological sense.
Thus, in order to avoid ambiguity, the wave-breaking process requires more specific definitions before further discussions are conducted. Therefore, the notion of the breaking onset, a classification of the wave-breaking phases, definitions of the breaking probability and breaking severity, types of breaking waves including the concept of micro-breaking, and breaking criteria will be discussed next in Chapter 2.
Following the intuitively familiar concept of wave breaking discussed in Section 1.2, a variety of phenomenological definitions can be formulated. Wikipedia suggests such a definition, applicable across the range of wave processes, including water waves as well as electromagnetic waves, waves in plasmas and in other physical media:
"In physics, a breaking wave is a wave whose amplitude reaches a critical level at which some process can suddenly start to occur that causes large amounts of wave energy to be dissipated. At this point, simple physical models describing the dynamics of the wave will often become invalid, particularly those which assume linear behavior" (http://en.wikipedia.org/wiki/Wave_breaking).
The Glossary of Meteorology of the American Meteorological Society defines the breaking of ocean surface waves more specifically: "A complex phenomenon in which the surface of the wave folds or rolls over and intersects itself. In the process it may mix (entrain) air into the water and generate turbulence. The causes of wave breaking are various, for example, through the wave steepening as it approaches a beach, through an interaction with other waves in deep water, or through the input of energy from the wind causing the wave to steepen and become unstable" (http://amsglossary.allenpress.com/glossary/browse? s = w&p = 11).
As discussed above, a more explicit physical, yet only mathematical definition of the wave-breaking phenomenon is hardly possible. Wave breaking can occur due to a number of different causes which will result in different appearances of the wave breaker, different physics of wave energy dissipation in the course of breaking and different outcomes in terms of the impact on the wave field, on the subsurface water layer and even on the solid bottom in finite-depth environments. While breaking, a wave and the associated underwater motion go through a number of different stages, with different dynamics, different surface, acoustic, void-fraction, optical and other signatures. It is these stages that we will classify in this chapter which will help us to avoid ambiguity throughout the rest of the book. We will also define here the main quantitative characteristics used to describe the frequency of occurrence of wave breaking and the strength of breaking, and will describe breaking types and breaking criteria. Figure 1 .2 demonstrates an incipient wave breaker modelled by means of a CS model (solid line). Visually and intuitively, the shape of the breaker appears quite realistic, and therefore it is instructive to review the model's definition of breaking onset. A numerical model cannot operate by means of phenomenological definitions, and obviously the inception of breaking had to be explicitly defined in mathematical terms.
Breaking onset
In numerical simulations, a wave is regarded as breaking if the water surface becomes vertical at any point (Babanin et al., 2007a (Babanin et al., , 2009a (Babanin et al., , 2010a . The criterion for terminating the model run was defined by the first appearance of a non-single value of surface in the interval x = (0, L):
where N is the number of points on the wave profile over its length L. This definition is further illustrated in Figure 2 .1, also simulated by means of the CS model. Here, development of a very steep harmonic wave with initial steepness = ak = 0.32, is shown in terms of dimensionless time (in the horizontal scale, 2π corresponds to the wave period). This is effectively a rapidly developing breaker, as in the two-dimensional CS model such waves break within one period.
The model has obvious limitations in simulating the final stages of incipient breaking and was stopped when the water surface became vertical at any point. Strictly speaking, this geometrical property of the surface can be used as a physical definition of breaking onset. In numerical simulations it was noticed that local steepness can be very large, but the carrier wave can still recover to a non-breaking state. If, however, a negative slope appears locally, the wave never returns to a non-breaking scenario because the water volume intersecting the vertical line tends to collapse. That is, after the moment when criterion (2.1) has been reached, the solution never returns to stability: the volume of fluid crossing the vertical x(i) Figure 2 .1 Numerical simulation of a steep wave evolving towards breaking, as predicted by the CS model. The wave propagates from left to right. Chalikov (2007, personal communication) rapidly increases until breaking occurs. Apparently, the same considerations are applicable to physical waves too.
At present, the concepts of incipient breaking and breaking onset are poorly defined and even ambiguous. Traditionally, the initial phases of a breaker-in-progress are treated as incipient breaking. As an example, let us consider how 'near-breaking' was defined by Caulliez (2002) . In this paper, surface elevations were recorded, differentiated, and the wave was regarded as a 'near-breaker' if its slope exceeded 0.586 any time between two subsequent zero-downcrossings. This criterion is an estimate of the highest slope that a Stokes wave can reach (Longuet-Higgins & Fox, 1977) . But if this slope is exceeded, then the wave is not about to break -it is already breaking. This is not an incipient breaker, but represents breaking in progress. The features and physics of breaking-in-progress, however, may be very different to that of incipient breaking (Section 2.2). Thus, investigation of geometric, kinematic, dynamic and other properties of breaking-in-progress, such as whitecapping, void fraction, acoustic noise emitted by bubbles etc., will be of little assistance if we are seeking to understand the causes of breaking and breaking onset.
In this book, as in Babanin et al. (2007a Babanin et al. ( , 2009a Babanin et al. ( , 2010a , we suggest that breaking onset is defined as an instantaneous state of wave dynamics where a wave has already reached its limiting-stability state, but has not yet started the irreversible breaking process characterised by rapid dissipation of wave energy. That is, breaking onset is the ultimate point at which the wave dynamics caused by initial instabilities is still valid. This definition allows identification of the onset and, once the location of breaking onset can be predicted, allows measurement of the physical properties of such waves. The state of breaking onset is instantaneous, unlike the stages of incipient breaking and breaking in progress (see Sections 2.2 and 2.4). The latter can be further subdivided into stages with different properties and different dynamics (Rapp & Melville, 1990; Liu & Babanin, 2004) .
Breaking in progress
Beyond the point of onset, breaking occurs very rapidly, lasting only a fraction of the wave period (Bonmarin, 1989; Rapp & Melville, 1990; Babanin et al., 2010a) , but the wave may lose more than a half of its height (Liu & Babanin, 2004) . This is a highly nonlinear mechanism, conceptually very different from the processes leading to breaking onset, and should be considered separately. As mentioned in Chapter 1, while the collapse is driven, to a greater extent, by gravity and inertia of the moving water mass and, to a lesser extent, by hydrodynamic forces, breaking onset occurs mostly due to the dynamics of wave motion in the water. Waves are known to break even in the total absence of wind forcing, provided that hydrodynamic conditions are appropriate (e.g. Melville, 1982; Rapp & Melville, 1990; Brown & Jensen, 2001; Babanin et al., 2007a Babanin et al., , 2009a Babanin et al., , 2010a . Therefore, processes leading to wave breaking, i.e. the stage of incipient breaking, can be simplified by studying only the water side of surface behaviour, whereas for breaking in progress, the air-sea interaction part, such as whitecapping (e.g. Guan et al., 2007) , void fraction (e.g. Gemmrich & Farmer, 2004) , work against buoyancy forces (e.g. Melville
